Abstract. The powder metallurgy (PM) approach is widely used for cost-effective production of titanium alloys and articles. In the PM approach the large specific surface of starting powders heightens the risk of excessive impurity presence and, hence, degradation of final alloy properties. The present study analyzes the opportunity to produce sintered commercially pure titanium (CP-Ti) with acceptable impurity content from powder materials. Starting titanium and titanium hydride powders were comparatively examined. The impurity elements (oxygen, chlorine, carbon) and their conditions on the powder particle surface, as well as the surface processes and gases emitted from powders upon heating, have been analyzed by means of surface science techniques. The role of hydrogen emitted from titanium hydride in material purification has been discussed. The opportunity to produce titanium materials with final admissible content of interstitials (O, C, Cl, and H) using starting titanium hydride powder has been demonstrated.
Introduction
The powder metallurgy (PM) technique is widely used for cost-effective production of various titanium alloys and components [1] . In particular, blended elemental powder metallurgy (BEPM) approach allows synthesis of titanium alloys using blends of base titanium powder and alloying powders.
The mechanical properties of titanium alloys synthesized with BEPM approach are determined by their relative density, chemical and microstructural homogeneity, and impurity content. Maintenance of the impurity content in synthesized alloys, determined by their content in starting powders and additional contamination upon processing, at admissible level is of great importance for meeting requirements of corresponding specifications. It should be noted that for titanium PM the "pick-up" of impurities and corresponding contamination upon processing is, unfortunately, inevitable at high specific surface of powders because of high affinity of titanium to oxygen, as well as carbon and nitrogen. Excessive impurity content results in embrittlement of titanium PM products [1, 2] . It was described in [1] that chlorine also may be a reason for excessive porosity, dramatically deteriorating fatigue properties, and causing poor weldability. Thus, the content of aforementioned interstitials should be strongly controlled to attain desirable characteristics of PM titanium articles.
The impurities such as oxygen, nitrogen, and chlorine are always present in titanium powders since they are resulting from Kroll (or Hunter) process of titanium metal production, and its subsequent conversion into powder. The purity of titanium powder is one of its key characteristics directly affecting also its price.
It has been shown [3] [4] [5] [6] [7] that titanium hydride TiH 2 powder, similarly to conventional titanium powder, can be successfully used in BEPM process as a base of elemental powder blends. The application of TiH 2 powder instead of titanium powder is advantageous due to cost-effectiveness and attractive technological ability of hydride powder [3] , as well as the favorable hydrogen influence on BEPM processing [4] [5] [6] [7] . Hydrogen, being a temporal alloying addition for titanium, is completely removed from metal during vacuum heating of TiH 2 based powder compacts. The dehydrogenation process results in diffusion activation, improved homogenization and densification of heterogeneous powder compacts, and attainment of higher sintered density (up to 99% of theoretical values) as compared to processing with conventional titanium powder. At the same time, the application of titanium hydride as a starting powder resulted in admissible content of interstitials, including hydrogen, in final alloys, so their mechanical properties did not degrade. It was theoretically predicted [5] that atomic hydrogen initially contained in the TiH 2 crystal lattice and emitted from the powder surface upon vacuum heating can reduce TiO 2 oxide, thus favoring the attainment of admissible oxygen content in the final material. Moreover, hydrogen being an active chemical element can be potentially useful for cleaning titanium from other impurities.
In general, the potential of possible material refinement during PM processing depends on the impurities present in the starting powders, their ability to form various chemical compounds, and their preferential distribution on either surface or in interiors of powder particles. The goal of this investigation was to study the potential of PM production of bulk CP (commercially pure) titanium with a low content of interstitials, and to clarify the possible mechanisms of titanium refinement, including those concerned with hydrogen. For this reason, comparative investigation of Ti and TiH 2 powders has been performed to produce sintered CP-Ti material. To determine the possible ways for material refinement, impurities (O, Cl, and other), their states and distributions in the starting powder particles were studied.
Materials and Experimental Procedure
Titanium sponge of TG-110 grade (Table 1) was used as a starting material for the powder preparation and subsequent production of bulk CP-Ti via PM approach. Titanium powder has been produced by the hydrogenation/dehydrogenation (HDH) method by saturation of the sponge with hydrogen to 3.5wt.%H, crushing to powder and eventually powder dehydrogenation to 0.002-0.006% H concentration. Powder size fraction <100 µm with average particle size of 33 µm was selected for investigation (Table 1) . A part of the hydrogenated powder (i.e. TiH 2 powder as a product of the first stage of HDH process) of the same size was not dehydrogenated for the comparison with Ti powder. Except hydrogen, the content of all impurities in the TiH 2 powder was at the same level as for the Ti powder. The morphology of starting TiH 2 and Ti powders is shown in Fig. 1 . Both powders were investigated in compacted and non-compacted conditions. The compaction of the powders was performed at room temperature under a pressure of 640 MPa. The presence of impurities on powder surface was qualitatively studied with X-ray photoelectron spectroscopy (XPS). For the XPS measurement, a hemispherical analyser PHOIBOS 150 with 2D-DLD detector (SPECS) and monochromated X-ray source FOCUS 500 (SPECS) with two anodes: Al K α (hν= 1486.74eV) and Ag L α (hν= 2984.3eV) have been used. Comparison of the XPS spectra obtained with Al and Ag X-ray sources gives qualitative information on the difference in the composition between the surface and the interior of the powder particles. Al source gives information about the surface layer of powder particles, while Ag source due to higher energy of Xirradiation provides electron emission and corresponding information from the deeper layers of
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Powder Metallurgy of Titanium studied materials. For interpretation of XPS spectra of Ti and TiH 2 powders, they were referenced to the corresponding spectra of TiO 2 rutile and anatase (Aldrich) powders with particle size of about 1 µm. a b Fig. 1 . Starting Ti (a) and TiH 2 (b) powders.
Typical XPS spectra demonstrating impurities present on powder surface are shown in Fig. 2 . Oxygen was the main impurity for both (Ti and TiH 2 ) starting powders. Noticeable chlorine and carbon peaks were observed for TiH 2 , at the same time their peaks were weaker for titanium powder. Despite the presence of Mg and Ca traces (Fig. 2) , these elements are not included in titanium sponge standards, thus their content was not measured and absent in Table 1 .
For dehydrogenation and study of gases released from the powder compacts they were heated in vacuum mass-spectrometer with a rate of 7 C for 4 h in a vacuum furnace was used. SEM (JSM6700) was employed for the microstructure characterization. The density of compacts was measured with Archimede`s technique. ELTRA OH900 gas analyzer was used to determine the oxygen and hydrogen content in titanium. Tensile properties of the sintered CP-Ti samples were measured at room temperature following ASTM E8-79a specification.
Production of bulk CP-Ti using Ti powder
The bulk CP-Ti samples produced by vacuum sintering of Ti HDH powder contained 0.20% of oxygen. This value is considerably higher than that for the starting Ti powder (0.10%) suggesting that additional oxidation of titanium (and possibly contamination with other impurities) occurred during such processing stages as the powder compaction in open air and subsequent vacuum sintering.
Mass-spectrometry investigation of the gases released upon vacuum heating of titanium powder revealed that water vapor is the main gas emitted. The intensity of water vapor emission changed depending on temperature ( Fig. 3 ) with a pronounced peak at early stage of heating below 100-150 o C. On the further heating, the intensity of water emission was relatively low, and no other noticeable peaks were observed. Hydrogen, CO 2 , nitrogen, and some other gases emitted were also detected in the mass-spectrum. However, the amount of these gases was low and did not significantly change upon temperature rise. Relatively low intensity of the hydrogen emission up to high temperatures (500-800 o C) proves nearly completed dehydrogenation of titanium at the HDH powder preparation stage.
The above mentioned results point to the fact, that despite application of relatively pure starting Ti powder and its careful protection from oxidation (storage under argon atmosphere), additional contamination of titanium with oxygen during processing stages can not be avoided. Additional oxidation proceeds upon relatively short-time exposure of the titanium powder in open air during compaction stage and upon subsequent vacuum sintering even despite good vacuum conditions (10 -3 Pa). For this reason, titanium hydride powder was used to investigate the opportunity to produce bulk CP-Ti with lower oxygen content. To find a possible route for pure material production, states of oxygen and other impurities in the starting powders have to be established.
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Impurities in Ti and TiH 2 powders
Fig . 4 shows Ti 2p and O 1s XPS spectra for the Ti powder taken with Al K α source. Since low energy X-ray source was used, one can state that mostly the particle surfaces have contributed to the XPS signals. Positions and shape of the dominating peaks in the Ti 2p spectra reveal 4+ oxidation state of Ti atoms, corresponding to TiO 2 compound. Small peaks on the low binding energy side from Ti2p 3/2 peak could be due to presence of reduced Ti cations (oxidation state Ti X+ , x<4) as well as due to Ti bonding with chlorine and carbon. The O 1s XPS spectra can be fitted with at least two curves which mean different types of oxygen on the particle surface. The one curve with a peak at the binding energy 531 eV has been assigned to TiO 2. The other one with a maximum at binding energy 532,2 eV because of its large width could be assigned to water and hydroxyl groups. from water related species. The later ones were also observed in the O 1s spectra from rutile and anatase. The Ti 2p spectrum from TiH 2 powder had apparently more complex structure than the correspondent spectra from rutile and anatase. The Ti2p 3/2 peak position and a shoulder on its low binding energy side were the indications of the presence of the reduced Ti (Ti X+ , x<4). The contribution from reduced Ti in the XPS spectra was more pronounced for both Ti and TiH 2 powders when Ag L α X-ray source with doubled excitation energy and hence large analysis depth was used (Fig. 6) . Drastic change is observed in the Ti 2p spectra (see Fig.5a and 6a taking TiH 2 as an example). The well observable structures on the low binding energy sides of Ti2p 3/2 and Ti2p 1/2 peaks revealed contribution from titanium suboxides (TiO y , y<2) presented in the particle core. The relative contribution from water related species was dropped (Fig. 6b) in comparison with the data obtained by means of Al K α source. This observation can be explained by adsorption of water on the particle surfaces.
These results were confirmed by sputtering of the Ti and TiH 2 powders by 2keV Ar+ ion beam. Signal from Ti in low oxidation states grows with the number of ion sputtering cycles for both types of powders. In case of Ti powders peaks corresponding to metallic Ti dominated in the Ti 2p spectrum when saturation in intensity was reached. Ar sputtering reduced signal from water in O 1s spectra thus confirming conclusion about water presence on the particle surface. Sputtering of powder surface with Ar+ ions also resulted in considerable changes in the whole binding energy peaks pattern (Fig. 7 ) as compared to that obtained for the starting powders (Fig. 2) . The peaks corresponding to chlorine and calcium completely disappeared; the intensity of Mg peak noticeably decreased, while intense O and C peaks were still presented (Fig. 7) . a b Fig. 6 . Typical Ti 2p (a) and O1s (b) electron binding energy spectra for subsurface layers of both TiH 2 and Ti particles (Ag L α X-ray source). Corresponding spectra for rutile and anatase are shown for comparison.
The XPS results for TiH 2 and Ti powders (Figs. 4-6 ) proved that both types of particles had coreshell structure. Particles were covered with TiO 2 scale and with water absorbed on the surface as a result of powder contact with atmospheric moisture. It is known [2, 8] , that such surface condition is typical for Ti particles. However, the differences observed in electron spectra for Ti and TiH 2 suggest that the thickness of TiO 2 scale and the amount of surface absorbed water were lower for Ti powder than for TiH 2 . Analysis of electron spectra obtained with Ag L α source (Fig. 6) suggests that the concentration of oxygen bounded with titanium in TiO y compound sharply decreased to the contents corresponding to metallic titanium (or Ti-O solid solution), with subsurface layers increasing in depth. Oxygen bounded with hydrogen (i.e. H 2 O and OH) was evidently absent for subsurface layers. Thus, it can be concluded that for both types of the starting powder particles
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Powder Metallurgy of Titanium (TiH 2 and Ti) oxygen was present in three following conditions: TiO 2 surface scale, H 2 O absorbed at the particle surfaces, and states with lower oxygen content (TiO y , y<2 and metallic titanium) in particle interiors. Fig. 7 . XPS spectrum for TiH 2 powders after Ar sputtering.
The potential route for titanium refinement with hydrogen
Comparison of the XPS spectra obtained before and after powder surface sputtering with argon ions (Figs. 2 and 7 ) suggests that such impurities as Cl, Mg and Ca are located mainly at the particle surface, similar to oxygen. The surface location of main impurities is favorable for potential powder cleaning, since it gives the opportunity for removing impurities from material by surface treatment. Potentially, powders can be refined during vacuum heating. The achievement of this goal requires transformation of the impurities into volatile products upon heating and removing gases emitted in vacuum chamber. Unfortunately, the refinement of titanium from a majority of impurities hardly can be realized in this way. As an example, TiO 2 scales at titanium surface are not volatile and rather stable up to approximately 700 o C [8] . At this temperature the oxide scale is dissolved with diffusion of oxygen in material interiors and formation of Ti-O solid solution. Oxygen is completely remained in the material, similar to nitrogen and carbon which reacts with titanium at elevated temperatures forming stable TiC compound. Chlorine is the only impurity which content can be partially reduced by evaporation mechanism upon vacuum heating.
The application of TiH 2 as starting powder or production of Ti powder via TiH 2 formation (HDH manufacturing process) gives the opportunity for material refinement upon vacuum heating. At elevated temperatures, highly reactive atomic hydrogen emits from titanium hydride. Before transformation into molecular state, hydrogen can potentially react with impurities on the surface, thus forming volatile compounds and contributing to material cleaning. However, the hydrogen reaction with impurities should be realized before penetration of impurities in a powder particle interior. For example, theoretical calculations prove that atomic hydrogen is able to reduce even high-stable TiO 2 oxide, but does not able to bound oxygen dissolved in titanium lattice. So, refinement of titanium becomes not possible in the last case.
The importance of volatile product evacuation before sintering of powder compacts should be emphasized. For effective material refinement, the hydrogen emission and evaporation of volatile impurities have to be realized within a temperature range below the beginning of densification of powder compacts, otherwise transformation of initially open pore channels into closed pores "traps" impurities inside. For titanium and titanium hydride, noticeable sintering starts at temperatures above 850 o C [7] . Taking into consideration the dissolution of TiO 2 scale at 700 o C and possible penetration of other impurities in particle interiors, the dehydrogenation and evacuation of all volatile products should be completed before this temperature, i.e. prior to the start of oxide dissolution and densification.
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Basing on these considerations, the comparison of gases emitted during heating of TiH 2 While titanium hydride is in a vacuum chamber, certain characteristic gases were detected even at room temperature (Fig. 8a) , and the mass-spectra were similar to those for titanium powder. The intensity of gas emission significantly changed with temperature increase, and new compounds appeared in the mass spectra (Fig. 8b) . The characteristic masses in mass spectrum were: 2 (hydrogen), 18 (water), 28 (CO+N 2 +C 2 H 4 ) and 44 (CO 2 ). Peak corresponding to atomic mass 17 was indentified as OH group, mass 16 -CH 4 , 32 -O 2 , 40 -C 3 H 4 . Intensive hydrogen emission due to TiH 2 →Ti+2H→Ti+H 2 phase transformation started at about of 300 o C with significant growth of the atomic mass 2 peak. Molecular hydrogen was the main gas in mass spectrum within a wide temperature range. The temperature range of dehydrogenation was not constant and could shift depending on the vacuum conditions in a heating chamber and the regimes of powder compaction.
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The appearance of peaks corresponding to masses 36 and 38 (HCl compounds for two stable chlorine isotopes) should be also noted. Water vapor emission was observed over all studied temperatures, but the intensity of this process varied with two distinct peaks at about of 100 o C and above 300-400 o C, i.e. within the dehydrogenation interval (Fig. 9) . The amount of water emitted is considerably lower as compared to hydrogen, but markedly higher than HCl. It should be emphasized that the second peak of H 2 O, as well as HCl emission, always were within the dehydrogenation temperature interval (Fig. 9) , independently on temperature shifting of this process.
As compared to Ti powder, the gas emission upon heating of TiH 2 powder had some important differences (Fig. 9) . Besides intensive hydrogen emission and appearance of HCl compound in the mass spectrum, titanium hydride demonstrated the second water emission peak within dehydrogenation range, absent for the HDH titanium. These peculiarities are important for the material refinement. 
Oxygen
Basing on the results above, it can be concluded that water absorbed at the surfaces of both Ti and TiH 2 powders was desorbed upon vacuum heating at low (50-150°С) temperatures (Fig. 3, 9 ). Within this range the water vapor emission was more intensive for TiH 2 material. This proves an easy refinement of TiH 2 powder surface from water, similarly to Ti powder, despite the amount of initially absorbed H 2 O was much greater for titanium hydride. The temperature increase above 300 o C resulted in significant and important differences in the surface processes for titanium hydride and HDH titanium. For Ti particles, TiO 2 surface scale was dissolved at about of 700°С [8] . So, titanium can be refined from adsorbed water, but all oxygen initially contained in surface TiO 2 scale is preserved in material due to penetration in particle interiors. This fact, together with additional contamination by oxygen during processing, leads to increased final content of this impurity, creating a risk of excessive material contamination and corresponding degradation of mechanical properties.
As for titanium hydride, increased intensity of H 2 O emission within the dehydrogenation temperature range confirms the reduction of surface TiO 2 scale by atomic hydrogen due to reaction:
At the same time, TiO 2 scale in titanium hydride is also subjected to dissolution at elevated temperatures. Owing to the fact that dehydrogenation starts at temperatures well below 700 o C, the oxide reduction reaction and refinement of titanium with hydrogen is possible. Atomic hydrogen Key Engineering Materials Vol. 520evolving from the crystal lattice can destroy surface TiO 2 scale prior to the formation of H 2 molecules and their separation from metal surface. The reduction process decreases oxygen content in titanium and, at the same time, eliminates oxide barriers hindering diffusion between powder particles, leading to activated sintering.
So, heating of titanium hydride leads to the following surface phenomena. At the beginning, desorbtion of adsorbed H 2 O molecules from the powder particles occurs. At higher temperatures, two competitive processes develop: reduction of surface TiO 2 scale by atomic hydrogen (i.e. decrease in oxygen content), and oxide dissolution when oxygen penetrates and preserved inside the particles.
The cleaning effect of hydrogen becomes obvious from the comparison of final oxygen content in CP-Ti, sintered from TiH 2 and Ti powders of the same size. Using titanium hydride powder, the final oxygen content in the sintered CP-titanium was reduced to 0.15% versus aforementioned 0.20% for titanium powder. At the same time, final hydrogen content for both materials was at the admissible level of 0.002%.
The results above explain why the thickness of TiO 2 scale and why the amount of absorbed water were lower for initial Ti compared to TiH 2 particles (Fig. 4 and 5) . The reduction effect of hydrogen during hydrogenation/dehydrogenation process and desorbtion of surface water upon vacuum treatment resulted in a clean surface of Ti HDH powder produced. However, despite such advantageous starting condition as compared to TiH 2 powder, titanium powder was considerably contaminated again during the storage, compaction and sintering stages, resulting in the high final oxygen content. Contrary, if the cleaning effect of hydrogen is combined with sintering in the one heating cycle (applying TiH 2 powder as starting material), the oxygen content can be decreased during processing to noticeably lower values for final CP-Ti.
Oxygen contained in various conditions in the starting powder can affect diffusion processes in the titanium-based systems. The experimental data indicate that heightened starting oxygen content in TiH 2 powder can be useful for the activation of titanium self-diffusion. Oxidized TiH 2 powder demonstrated activated densification, and higher density of sintered CP-Ti was achieved. For example, protection of starting TiH 2 powder from oxidation led to the sintered CP-Ti density of 4.420 g/cm 3 (98% of theoretical value) with final oxygen content of 0.15%. Additional oxidation of TiH 2 powder resulted in 4.433 g/cm 3 sintered density (98.3%) with 0.22% O and 4.475 g/cm 3 (99.2%) with 0.40% O. At the same time, the sinterability and oxygen content in final CP-Ti are determined by the state of this impurity in the starting TiH 2 powder. Adsorbed atmospheric moisture can be easily desorbed by heating in vacuum at low temperatures. If oxygen is contained in the starting powder mainly in absorbed H 2 O, material can be refined to a considerable degree before the sintering start, thus oxygen slightly affects the diffusion and densification processes at high temperatures. If oxygen is contained mainly in TiO 2 scale, relatively thick oxide layers can be reduced by hydrogen to lower extent. In this case considerable amount of oxygen transits into solid solution, accelerating diffusion but contaminating the final material.
Chlorine and Carbon
Chlorine is an inevitable impurity for titanium due to Kroll process used today for titanium sponge manufacturing. Chlorine in titanium sponge and in powder produced by sponge milling is incorporated into MgCl 2 •xH 2 O crystals (where x=6 at room temperature). At temperatures above 300°С this compound decomposes and can be evaporated from powder surface and from open pore channels, however volatile products are trapped inside the closed pores. For this reason traditional BEPM processing using titanium powder retains chlorine impurity in the sintered products [1] , and the application of titanium hydride instead of titanium powder is a unique opportunity for material refinement.
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Brittle titanium hydride particles can be easily reduced in size by mechanical milling. During this process there is a high probability for cracking and destruction of TiH 2 particles throughout inner pores where magnesium chloride crystals are located. Thus, magnesium chloride crystals appear at the surface of eventual fragments. The Mg and Cl distribution mainly at TiH 2 powder surface is confirmed by data before and after Ar sputtering, when Cl traces disappeared and Mg traces noticeably reduced (Figs. 2 and 7) . Upon vacuum heating, atomic hydrogen emitted is able to bound chlorine on particle surfaces with HCl formation:
The opportunity of this reaction was thermodynamically calculated in present study (Fig. 10) and experimentally confirmed by the invariable appearance of HCl within the dehydrogenation temperature range (Fig. 9) . Also, weaker Cl traces for HDH Ti than for TiH 2 powder (Fig. 2) confirm the decrease in this impurity content upon dehydrogenation stage. This process allows the usage of starting powder excessively contaminated with chlorine, as the content of this impurity is reduced to admissible level during dehydrogenation. For example, at 0.10% starting chlorine content in TiH 2 , the content of this impurity in final material is reduced to a safe level of 0.015%. The emission of CO, CO 2 , CH 4 , and C 2 H 4 gases on heating leads to the reduction of carbon and oxygen content in the sintered material as compared to the starting powder. The presence of these gases in the mass spectra can indicate the occurrence of surface desorption of organic compounds and reaction of carbon with oxygen and hydrogen during dehydrogenation. The final carbon content in CP-Ti produced from titanium hydride was at admissible level of 0.05-0.06%.
The above results allow to state general recommendations for titanium hydride application in order to realize hydrogen refinement of titanium. The desirable state for all impurities is their location at powder surfaces. Upon vacuum heating, the impurities have to react with hydrogen emitted from material and form volatile products for their easy evaporation from the titanium surface. For a maximal cleaning effect, this process should be accomplished at the temperatures insufficient for the dissolution of TiO 2 scale and other impurities in material interiors, and before the formation of closed pores in nearly dense titanium occurs.
Following these recommendations, a high balance of tensile properties was attained for CP-Ti sintered using TiH 2 powder: UTS=487-537 MPa, elongation up to 26-35%. For the material produced using Ti powder the absence of useful hydrogen effect resulted in increased strength (UTS= 512-605 MPa), but lower elongation (12-20%), first of all due to higher oxygen content.
Summary
Investigation of impurities at the surface of titanium and titanium hydride powder particles and gases emitted from these materials upon vacuum heating allowed to propose the general scheme for decrease in content of such impurities as oxygen, chlorine and carbon in titanium. It was shown that application of titanium hydride as starting material resulted in lower oxygen content in sintered CPTi as compared to material, sintered from Ti powder. It was discussed the role of hydrogen emitted from titanium hydride and mechanism of hydrogen refinement for titanium. The opportunity to produce titanium materials with final admissible content of interstitials (O, C, Cl and H) using starting titanium hydride was demonstrated. For effective titanium refinement, the desirable conditions are following: location of impurities at powder surface; their reaction with hydrogen and formation of volatile products upon vacuum heating; evacuation of volatile impurity products before penetration of impurities in particle depth and before formation of closed pores in powder compacts.
